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CONTROL REQUIREMENTS AND CONTROL PARAMETERS FOR A RAM JET
WITH VARIABLE-AREA EXHAUST NOZZLE
By Aaron S. Boksenbom and Devid Hovik

SOMMARY

Control requlrements and control parameters for a ram Jet with
a varisble-area exhaust nozzle have been analyzed from calculated
performance charts covering flight Mach numberse from 0.6 to 3.0
and altitudes from sea level to 30,000 feet. Requirements for maxi-
mum sfficlency, safe and stable operatlion, maximum range of thrust
at a glven flight Mach number, and control of fuel flow are
discussed and corresponding control parameters are selected. A
hypothetical control system is described to lllustrate the appilca-
tion of the control parameters.

Maximum efflclency wasfound to be attalnsble at any flight
Mach number by application of & single control relation between
combustion~-chamher-inlet Mach number and f£light Mach number that
is dependent on 4diffuser characteristics. Thls relation could be
maintained by regulation of the exhaust-nozzle area and is desirable
in that stable shock location would simultanecusly be achleved.

Alrfreme drag characteristics may preclude englne operation
at maximum efficlency and necessitate provislon for engine opera-
tion at minimum allowable fuel-air retio. Such a situation would
occur if steady-state cperatlon were desired at a flight Mach
number thet requires less thrust than the thrust attainable at
maximum efflicisncy.

Two methods of fuel control appear possible: The fuel flow
may be directly controlled by manual operation of a fuel-throttle

valve, or the fuel flow may be indirectly controlled from a flight
Mach number setting.

INTRODUCTION

Although the ram jet has valuable potentlalitles derived from
unigueness in both design and flight epplication, its practicability
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23 a power plant for gulded missiles or plloted supersonic alrcraft
wlll depend to a great extent upon the development of control systems
that will permit these potentialities to be fully exploited. Some
of the fundamental control requlrements of the ram jJet were therefore
analyzed at the NACA Cleveland laboratory in order to present a
rational basls for the development of ram-jet control systems. This
analysis 1s part of a general research program dealing with the
control problems of ram Jets.

Preliminary analysis indicated that a fired-configuration ram
jet cannot operate efficlemtly at flight Mach numbers other than the
deslgn condition. In order to extend the analysls reported to lnclude
requirements for a more comprehensive latltude of control, the
exhaust-nozzle area of the englne 1s assumed to be variable.

The ram-Jet control requirements were analyzed for flight Mach
numbexe from 0.6 to 3.0 and altitudes from sea level to 30,000 feet
for an englne configuration with a variable-area exhaust nozzle.
Calculations were based on the theory of ome-dimensicnal f| ow
together with available ram-jet-component data (reference 1l). The
resultant operating performance of the ram jJet 1s presented in terms
of controllable variables. The control parameters that should be
incorporated into an automatic control system are readlly selected
from calculated performence charts, and thelr required functions
within control systems are deduced. Atypical control system is
schemetically presented that would automatically satiefy all the
principal control requirements of the ram Jet. It is assumed that
requi red instrumentation will be developed to meet the needs of such

a control system.

METHOD OF ANALYSIS

Calculations were made for a typical ram jet, schematically
shown in figure 1. The ratio of diffuser-inlet area to combustion-
chanber area was fixed at 0.228. This wvalue was selected to permit
reasonable combusticn-chamber-inlet velocities. (At a flight Mach
number of 1.8, the combustion-chamber-inlet velocities would be
below 150 ft/sec.) A typlcal maximum diffuser pressure-recovery
relation with flight Mach number was used that could apply to &
convergent-divergent, perforated, or spike (shock-cone) diffuser.

The normal and obligue shocks were assumed always to be included
within the 1lip of the diffuser. All calculations were nude for &

counvergent variable-area exhaust nozzle.

Typical performance calculations (using the symbols defined in
appendix A) are presented in appendix B, and a basic equation is
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- derived releting gas flow, temperature, area, pressurs, and Mach

number at any two stations.

For supersonic flight veloocltles, the diffuser pressure
recovery PZ/PO determines the combustion-chamber-iniet Mach num-
ber Ms, Inasmuch as the diffuser area is consldered flixed. The
flight Mach number My and altitude determine the inlet-alr flow Wg.
For any flight Mach number and altitude, the fuel-air ratio determines
the fuel flow We, +the englne temperature ratio T, and the combus-
tion temperature T4. The net thrust F, and the required exhaust-
nozzle area are calculated for any condition of flight Mach number,
altitude, pressure recovery, ani fuel flow.

Combined combustion-chamber and exhaust-nozzle pressure loss
was obtained from ram-jet data (reference 1), which are replotted to
glve a general relation for pressure loss as a function of the
combustion-chamber-inlet Mach number parameter Mo NT. Any fuel
similar to gasoline may be expected to result in similar pressure-
loss characteristics.

Effective values of fuel flow and fuel-asir ratio are used
throughout, rather than absolute values, which would be affected by
combustion efficiency. The effective fuel flow is equlvalent to the
product of the true fuel flow and the combustlion efficilency.
Similarly, stolichiometric fuel-alr ratio refers to the fuel-air
ratio at which maximum combustion temperature occurs and is there-
fore to be consldered as an effective stolchlometric ratio, rather

than & chemical stoichiometric ratio.

For subsonic flight velocities, a constant diffuser pressure
recovery of 0.95 is used. For any flight Mach number end altiltude,
the air flow is determined by the combustion-chamber-inlet Mach
number, and t he fuel-alr ratio determines the englne temperature
ratio and the combustion temperature. The fuel flow depends on the
fuel-air ratio and combustion-chamber-inlet Mach number. The net
thrust and reguired exhsust-nozzle areas were calculated for any con-
dition of flight Mach number, altitude, combustion-chamber-inlet
Mach number, and fuel flow.
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RESULTS AND DISCUSSION
Performance Charts

Calculation of the ram-jet varilables, as indicated in METHOD
OF ANALYSIS, provides sufficlent data for performance charts such
ag those shown In figures 2 and 3 for supersonic and subsonic flight
Mach numbers, respectively. These charts show the relation of all
the important engine variables, including exhaust-nozzle area, to
the thrust output of the engline. The values of thrust and exhaust-
nozzle area have been corrected to the cambustion-chamber area
(which remains conetant) in order that the charts may be applied to
a ram Jet of any diameter. The additional correction of thrust by
altitude pressure ratio & brings values of thrust at any altitude
into close proximity for each flight Mach number. The fuel-flow

We

parameter "I_r is used in order to simplify caloulations when

obtaining fuel flow from the air-flow parameter EQL— and the
fuel-alr ratilo.

Supersonic conditions. - For the supersonic-flight conditions,
lines of constant diffuser pressure recovery, constant combustion-
chamber-inlet Mach number, and constant combuestion-chamber-inlet
veloclity coincide; and lines of constant fuel -air ratio, conetant
combustion temperature, constant temperature ratio, and constant
fuel flow coincide for each condition of flight Mach number and
altitude (fig. 2). Each condition of superscnic flight Mach number
and altitude corresponds to & fixed value of air flow

The charts indicate that operation along & ]1ine ©f maximum
attalnable diffuser pressure recovery Pz/Po results In maximum
over-all engine efficlency because each point on such a line rep-
resents the minimum fuel flow at which the corresponding thrust can
be obtained. The charts also indicate the |ints of ram-Jet opera-
tion at each flifht Mach number and altitude in that each chart may
be bounded on four gides by a limiting condition of operation.
Maximum attainable diffuser pressure recovery (line AB) represents
one limitation and, as the recoverles are reduced, a line of mini-
mum allowable recovery is reached that is determined by the maximum
allowable cambustion-chamber-inlet Mach number or velocity beyond
whichk burner operation would be impossible. The other two limita-
tions consist of a maximum-allowable-temperature or fuel-ailr-ratio
line at one end and a minimum fuel-air-ratio lixs, beyond which
burner blow-out would occur, at the other end (Bcs. The drag of
the airframe in which the rem Jjet is to be installed cannot require

CONRIRIVEIAD
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athrust that 1s outside the area bounded by the four limiting lines,
or steady flight at the deslred Mach number l1s impossible. The maxi~
mum value of the ratio A4/A>, as shown on several of the charts s

is unity when the exhaust-nozzle area becomes equal to the combustion-
chamber srea.

Subsonic conditions. - Charts similar to those .for the supersonic-
flight conditions were cbtalned for the subscnic values of Plight
Mach number and are shown in figure 3. The chief differences in the
subsonic charts, compared with those obtained for supersonic condi-
tlons, are that the alr flow 1s no longer constant for each comdition
of flight Mach number and altitude, and that the pressure recovery
of the diffuser was taken as substantially constent throughout the
subsonic regime. For subsonic conditlons, lines of constant ailr
flow, combustion-chamber-inlet Mach number, and combustion-chamber-
iniet veloclty coincide, and lines of constant temperature, temper-
ature ratio, and fuel-alr ratio coincide. Lines of comstant fuel
flow (corrected to sea-level conditicns and combusticn-chamber area)

are slso drawn.

The subsonic charts indlcate that operation 2t maximum effi-
clency would ocour alomng & line drawn through the peaks of the fuel-
flow curves because these peaks represent points of maximum thrust
for a glven fuel flow. Engine operation is limited on only three
sldes of the subsonic charts inasmuch as exhaust-nozzle area no
longer hes any effect on dlffuser-pressure recovery, in contrast
with supersonic conditions. In lieu of a pressure-recovery limlt,
a practical limit would, of course, exlst because of the low values
of thrust obtelned ae the constant-fuel-flow llnes slope downward
from their peak values. The limiting conditions of maximum fuel-
alr ratio or temperature, minimum fuel-alr ratio, and maximum
combustion-chamber-inlet veloeclity or Mach number are the same as
for supersonic flight condlitioms.

Control Relatlons

The performance charts presented in figures 2 and 3 indicate
that variation in exhaust-nozzle area 1s required in order to
pernit steady-state operation at all the flight comditions investl-
gated. In general, the trend Indlcates that decreasing exhaust-
nozzle sreas are required for Increasing flight Mach numbers.

For control appllcation, the performance charts of figures 2
end 3 also indicate that f or superascnic flight Mach numbers an
autamatic engine-control system should maintain maximum pressure
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recovery and that at subsanic flight Mach numbers operation along a
line dérawn through the maximum-thrust velues of the constant fuel-
flow lines should be mainteined (lines AB on figs. 2 and 3). It is
to be noted that for supersonic flight, the line of combustion-
chember-inlet Mach nunber coincides with that of diffuser pressure
recovery, and that for subsonic fli ght the line through the peaks
of the constant-fuel-flow curves may be approxi mated bys line of
constant-cambustion-chambexr Mach nunber .

Control of the caibustion~chamber-inlet Mach number in accord-
ance with flight Mach number therefore appears to be an effectlive
method of engine control for maximum efficlency and seems desirable
because 1t can be utilized for both the subsonic and supersonic
flight Mach numbers. (Other poseible means of control for maximum
efficlency, such as malntenance of maximum-pressure recovery or
location and malntenance of optimum shock position, would be effec-
tive only for supersonic flight conditions.) Such a control system
would control combustion-chamber-inlet Mach number by variation of
exhaust-nozzle area in order to maintain the desired combustion-
chamber-inlet Mach nunber at any fl|ight Mach number. The desired
rel ati on bet ween combustion-chamber-inlet Mech number and flight
Mach number remains to be shown.

Control for maximum efficlency. - In oxder to establish a
control relation between combustion-chamber-iniet Mach number and
flight Mach pumber 1t must be realized thet at each supersonic
flight Mach number a maximum pressure recovery isobtalnable from
a given diffuser. Should a control system attempt to set a
combustion~chamber Msch nunber corresponding to a pressure
recovery greater than that obtainable with the given diffuser, the
shock would travel to a position in front of the diffuser. The
desired control relation between combustion-chember Mach number
and flight Mach number must therefore be based on the relation
between maximum attalnable pressure recovery for a glven diffuser
and flight Mach number. A typical diffuser-recovery curve of
approximately maximum giyiainsble recoveries isshown in Tigure 4
over & range of f£light Mach numbers. For maximum engine eff iclency,
the exhaust-nozzle area should be varied In order to bring the pres-
sure recovery as close to the curve as possible at each flight Mach

nunber .

Because control of combustion-chamber-inlet Mach number has
already been shown t? ] nraferable to contreol of pressure recovery,
the aiffuser curve ° gure . may be converted into a curve showing
the rel ati on bet ween combustion-chamber Mach number and flight Mach

number. Each value of pressure recovery has a corresponding val ue
of combustion-chamber Mach number at a given flight Mach number, as

.! —-g,!_._ —‘i_ “‘u 1 i
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indicated by equation (B8) of appendix B. Values of combustion-
chamber-inlet Mach number cbteined from equation (B8) are shown iIn
the supersonic portion of figure 5, which 1s the desired control
curve for the entlre region of flight Mach numbers investigated.
The subsonlc portion of thle control curve was obtalned from the
constant M, lines designated by AB in figure 3. Figure 3 shows
that these velues of combustion-chamber-inlet Mach number remained
substantially the same at a given flight Mach number, regardless of
altitude, 80 that 8 single value Of My 1s obtained at each sub-
sonic f£llght ‘Mach number.

Flgure 5 is & control curve iln that it represents the relatiocn
to be maintalned by varlation of the exhaust-nozzle area. For 8
value of cambustion-chamber-inlet Mach number above the value
indicated by the curve for a given flight Mach number, the function
of the exhaust-nozzle area ie to decrease in order to reduce the
value of Mz. Conversely, the function Of the exhaust-nozzle area
is to increase the val ue of combustion-chamber Mach number, should
Mo fall below the curve. Flgure 5 does not represent the entire
ram~Jjet-control solution, however, lnasmuch as limiting conditions
of engine operation and control of fuel flow must be comsidered.

Control for limiting condlitliong of engine operation. - Limiting
conditions of ram-jet operation are not yet clearly defined, owlng
to the lack of any preponderance of engine data and because of the
many variables that influence burner operation. Effective stolchi-
onetric fuel-air ratio may be accepted as one specific limiting con-
dition of operation because fuel-alr ratlos greater than the
effective stoichlometric result in decressed values of thrust.
Limiting material temperatures might possibly be exceeded before
stoichiometric fuel-air ratlo is obtalned, 80 that & temperature-
limiting control mey be consldered an alternative to maximum-fuel-
air-ratio control.

O her 1limiting control requirements, a8 Indicated from exlsting
ram-Jot data, are those for mailntensnce of stable burner operation.
Exigting data have indicated that combustlion-chamber-inlet Mach
number (or combustion-chamber velocity) and f uel -air ratio affect
burner operation. In thie analysis the minimum allowable fuel-alr
ratio is assumed to be 0. 03 and the maximum allowable combustion-

chamber Mach number, 0. 2.

Limiting control requlirements that must be considered for over-
all ram-jetcontrol are thersefore assumed to consist of maximum fuel-
air ratio, maximum temperature, minimum fuel-alr ratic, apd maximum
combustion-chamber-inlet Mach number control. Coincident with the
attainment of maximum pressure recovery through variation of the
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exhaust-nozzle area, minimum combustion-chamber Mach numbers are
also attained. This concurrence indicates that the control relation
of figure 5 has a favorable trend with respect to limitation of maxi-
mym allowable combustion~chamber Mach number.

Control for maximum range of thrust. - Control along & line of
optimvm combustion-chamber Mach number has previously been shown to
be desirable (fig. 5). The drag of the airframe at a given f£light
Mach number, however, could concelvably be leas than the lowest
value of thrust obtalnable at the optimum combustion-chamber Mach
number so that steady-state operation at the given flight Mach
number would be Impoasslible. Such a situation would occur when the
value of alrframe drag corresponded to a point below the intersec-
tion of the optimum line Of combustiom-chamber Mach number {line AB)
and the limliting line BC of minimum allowable fuel-alr ratio
(figs. 2 and 3). In order to permit the greatest latitude of engine
operation, the control system must therefore permit engine operation
along the line of minimum fuel-alr ratio BC. The thrust range Of
the engine may, in this manner, be extended to the point at which
line BC intersects the maximum alloweble Mach number line corre-
sponding to AB at an Mz of 0.2, or to wide-open exhaust-nozzle
area. Should the value of drag be below even this minimum point of
engine thrust, steady-state operation at the glven flight Mach
number would, of course, be impossible.

An assumed drag curve atan altitude of 30,000 feet, typical
of the drag obtalined through supersonic flight Mach numbers, is
shown by the dashed curve in fligure 6 and was taken from reference 2.
Superimposed on figure 6 are also curves showing the maximum thrust
attainable for maximum efficlency, the minimum thrust attalinable at
maximum efficliency, and the minimum thrust attainable while
mainteining a minimum fuel-air ratio of 0. 03. The values of maxi-
mum thrust were obtained from figures 2 and 3 for values of Mz
from figure 5 at either stolchiometric fuel-air ratio or a Ty
of 4000° R; values of minimum thrust attainable at maximum effi-
ciency correspond to the intersections of the optimum value8 of Mg
(fig. 5) with the fuel-air-ratio lines of 0. 03 (figs.2 and 3); and
value8 of minimum thrust at limiting minimum fuel-alr ratic corre-
spond to the intersections of fuel-alr-ratio lines of 0. 03 with
estimated maximum-allowable Mo lines of 0.2. Figure 6 Indicates
the neceaslty of permitting engine operation below the values of
thrust obtainable at maximum efflclency because the drag curve falls
below these value8 in two places. For example, at & flight Mach
number of 1.8, the maximum value of corrected thrust that could be
attained would be 3240 pounds; and, if the engine were allowed to
operate only along a line of maximum efficlency, the minimum value

—
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of corrected thrust that could be attained would be 2070 pounds,
which corresponds to the point of minimum allowable fuel-air ratio.
The thrust required fOr steady-state operation, however, is only
1800 pounds according to the drag curve, and this value is below the
value of 2070 pounds attainable at maximum efficlency. Steady-state
operation at My = 1.8 could not be attained under such conditions,
and engine operation along the line of minimum allowable fuel-alr
ratio (line BC of fig. 2) would be required in order to permit
attainment of the low value of thrust necessary. The engine-control
system should therefore provide for variation in exhaust-nozzle area
at the minimum allowable fuel-ailr ratio in addition to attempting to
maintain englne operation along the control curve of figure 5. This
requirement corresponds to operation along the line ABC of figure 2
such that the exhaust nozzle opens In order to permlt reduced values
of thrust.

From the drag curve of flgure 8§, the control curve of figure 5,
and the performence charts of flgures 2 and 3, the required varia-
tion in exhaust-nozzle area was obtalned and 1s shown In figure 7.
For the specific-drag curve used and with the assured minimum fuel-
air ratio of 0.03, the required exhaust-nozzle-ares ratio A4/A2 is
seen to exceed unlity at a flight Mach number of $.8. This discrepancy
in exhaust-nozzle-area requlrements occurs where both the thrust
atteinable at maximum efficiency and the thrust attainsble at wide-
open exhaust-nozzle area (Ai/Azsl) exceed the thrust required by
the drag curve. Rigure 3 indlcates that, 1f the minimm wvalue of
fuel-air ratio was assumed to be scmewhat below 0.03, the required
value of thrust would be obtalned at an area ratio lesa than unity.
The minimum allowable fuel-alir ratlo may therefore be critical in
determining the controllable range of operation.

The possibility of closing the exhsust nozzle in or der %o reduce
thrust at constant minimum fuel-alr ratio is not considered in this
investigation. In the subsonlc regiom, reductlon of exhaust-nozzle
area would result In decreased alr and fuel consumption, so that
reduction of thrust by this method could be considered advantageous.
In the supersonic region, reductlon of exhaust-nozzle area at
constant minlmum fuel-alr ratio wonld first regurgitate the shock
to the front of the diffuser, thereby increasing externel drag and
effectively decreasing the net thrust. Further reduction oOf exhaust-
nozzle area would restrict the alr flow because subsonic conditlions
would now exist in front O the inlet diffuser, so that thrust counld
be further decreased.

Fuel control. - Previous discussion has dealt only with control
problems arising at a glven flight Mach number, so that & means of
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controlling the fuel flow in order that any desired flight Mach
number may be attalned still 1s necessary. The following three
general methods of fuel control are possible:

1. The flight Mach number may be maintained constant at 8
desired value regardless of altitude, but only in level f£light, by
means of a control which 18 80 callbrated to the level-flight rela-
tion between fuel flow and flight Mach number over a range of alti-
tudes (barometric control) that, if a certain flight Mach number
i s degired, the fuel flow would be manuelly set to the value at
which the desired Mach number would be attained.

2. An engine parameter (T4, T, or WWe/Wg) that maintains a
satisfactory relation with both flight Mach number and fuel flow

may be so controlled that & glven setting of the parameter would
reeult In a gi ven fuel flow and Mach number.

3. The £light Mach number may be malntained congtant &t a
deaired wvalue, regardless (f altitudeor attitude, by means of a
variably set device asensitlive to flight Mach number that controls
the fuel flow.

As Indicated in figures 2 and 3, fuel flow could be directly
controlled In order to obtain a desired flight Mach number because
an increase in fuel flow results in an increase in thrust. Similarly,
increasing values of fuel-air ratlio, combustion-chamber temperature,
and engine temperature ratlioc also result in increased thrust. The
variation of fuel flow, fuel-alr ratio, combustion temperature, and
engine temperature ratio with flight Mach number (obtained from the
drag curve of fig. 6, supplemented by the control curve of fig. 5
and the performance charts Of filgs. 2 and 3) is shown in figure 8.
The fuel-air ratlo is assumed to he maintained at 0. 03 in the
reglons where the drag curve 1s below the thrust obtalnable at maxl-
mum efficlency. Figure 8 Indlicates that 8 method of control
involving the setting of fuel flow in order to obtain a corre-
sponding flight Mach number (method 1)} woul d result in a reglon of
unstable operation between pointe B end D. For lnstence, at any
point along the negatlve aglope such as point C, a amall increase
in fuel flow would cause the airframe to accelerate to a flight
Mach number corresponding to point E, which 1s in a stable region.
Similarly, a slight decrease in the fuel flow at point C would
result in 8 flight Mach number at point A The advantages of &
simple fuel-control system reguiring only a throttle valve in the
fuel line would therefore be counterbalanced by the omlssion of a
range of flight Mach numbers from the posslble steady-state oper-
ating points. The extent of the reglom of negative slope is
dependent upon the drag of the airfreme and the varilation of engine
apecific fuel consumption with flight Mach number.

WERTETN ,
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In splte of the reglon of instability deflned by polnts B

and D, direct fuel-flow control 1ls nevertheless more satisfactory
than control of elther engline-tempersture ratio, fuel-alr ratio, or
combustion temperature. Engine temperature ratioco T may be elimin-
ated immediately as a possilble control parameter because the slope
of the curve isnegative after a flight Mach number of 1.2, As has
been indicated, the negative-slope part of the fuel-flow curve would
result in unstable control characteristics, and the same rezsoning
may be applied in consldering T as a control parameter.

The utility of fuel-air ratio and combustion temperature as
fuel-flow-control parameters may be consldered on the following
basis: Assume engine operation at a polmnt corresponding to point B
in figure 8. Any slight increase in fuel flow would result in en
alrframe acceleration to point F. Thus, for & pllotless missile
In which there is no outside influence to reduce the fuel flow,
steady-state Flight in the entire range of flight Mach numbers
between polnts B and F would be eliminated. If a cholce of
control is to be made between direct fuel-flow control and eit her
fuel-ailr ratio or cambustion temperature, it 1s evident from fig-
ure 8 that dlrect fuel-flow control 1s more satisfactory because
the region of flight Mach numbers encompassed by points B and F
19 lesgs for the fuel-flow curve than for any (f +the other curves
shown. Because all three englne parameters have heen found to be
less satisfactory than direct fuel-Tlow control, the second control
poselbility suggested may therefore be eliminated.

The remaining possibllity for fuel control is method 3, that
of malntaining constant f£flight Mach number by means of a varlably
set device sensitive to flight Mach number which control 8 t he fuel
flow. This method of control would be advantageous In coping wlth
the unstable region in figure 8 dencted by pointe B and D,
because stability can be obtained by means of proportiomal plus
reset control action (reference 3). (A discussion of stebility and
control action is beyond the scope of this report. A comprehen-
8ive treatment of control fundamentals may be obtalned fram refer-
ence 4 and its assocliated bibliography.) The inherent disadvantages
of fuel control by a device sensitive to flight Mach number include
the complication of the device ltself and the characteristic of the
device to seek maximum power during a climb and minimum power during
adive in attemptng to maintain the f£light Mach number setting.

Consideration of the methods of fuel control discussed indicates
thet positive choice between direct fuel control and flight Mach
number control should not be made without reference to the specific
installation and the utilization of the englne. For instance, the
gimplicity of a fuel-throttle valve in a direct fuel-control system

GONSGEENEIXE:
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might conceivably outweight the disadvantage of a Flight schedule in
which steady-state operation over a certain range of flight Mach
numbers would be imposaible. To a great extent, the cholce would
depend upon the alrframes drag because the negative-slope part of
figure 8 and the range of Mach numbers included therein is a function
of the airframe drag.

DESCRIPTION OF HYPOTHETICAL CONTROL

In order to clarify and expand the previous discussion of ram-
Jet control requirements and parameters, a schematic diagram of a
hypothetical control system is shown in figure S. The control
gystem 1s reduced to 1ts Individual control components as indicated
by the dashed-line enclosures, and operation of the camplete
control system may be visuallzed from a description of the individual
and related action Of each component. For convenience of illustra-
tion, a hydraulic control system has been shown.

Fuel - fl ow control. - The fuel -fl ow control operate8 from 8
manual setting O the control lever, which In turn sets a desired
flight Machk nunber Mg. Wien a differential exists between the

setting of Mg and the measured M,, this differentlal is utilired
to regulate valve A in the fuel-bypase line.

Should the differential set up by the fuel control be exces-
sive, a8 in a rapid acceleration, the high values of fuel flow could
result in elther excessively high combustion temperatures or in
fuel-alyr rati 08 beyond stolchiometric. At this point, the maximum-
temperature-1imiting control (or meximum-fuel-air-ratlo control)
becomes effective. Valve B Instzlled in another fuel-bypass line
is normally closed but opens when the combustion temperature exceeds
a predetermined maximum. Fuel is diverted from the dburner despite
the setting of valve A and combustlon temperature 1s thereby reduced
to the allowable value.

Minimum-fuel-air-ratio control. - During deceleration, bypass
valve A may possibly be open to such an extent that the fuel flow
to the burmer results in a fuel-air ratic below the minimum allowable
value. The minimum fuel-air-ratio control t hen functions to increase
t he fuel flow by closing valve C, which is in serles with valve A
Less fuel is t her ef or e bypassed so that the measured fuel-air ratio
18 mai ntai ned at the m ni num allowable value.

Maximum-efficiency control. - The exhausgt-nozzle-area control
incorporates the relation between Mp and combustion-chamber-inlet
Mach number Ms shown in figure 5, which gives maximum efficlency

ALY .
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for all conditions of operation. The system 1s balanced &s long as
the wvalues of My and Mg correspond according to the relation of
figure 5. For values of Mz 1In excess of thls relatlion, the
system is so unbalanced as to close the exhaust-nozzle area and
thereby reduce M. Conversely, for values of M2 below those
required according to figure 5, the system 1s so unbalanced as to -
open the exhaust-nozzle area and thereby Increase Ms.

In the event that Mz should tend to exceed the maximum
allowable value determined for maintenance of stable burner opera-
tion, the control 1limiting maximum M overrides the exhaunst-nozzle-
aree. control. The control limiting maximum Mo acte to close the
exhaust-nozzle area when the measured Mz exceeds the predetermined
allowable value and thereby maintains Mp at this meximmm.

Fuel-flow-limiting control. - If required, a fuel-flow-limiting
control acts to meintain the Internal shock when the exhaust-nozzle
ares is wide open. This control would be required for the condi-
tion In which wlde-open exhaust-nozzle area occurred within the span
of line AB (fig. 2), because after wide-open area had been attained
additional fuel would cause the shock to travel to the outside of the
diffuser. The action of the fuel-flow-llmiting control ia to oper
valve D in a fuel-bypases line. The fuel flow to the combustion
chamber then decreases, and therefore Mz Increases, which cauges
t he exhaust-nozzle area to move toward the closed position while
valve D 1s reset.

Cha.née—over control at minimum fuel-alr ratio. - Engine opera-
tion at maximum efficiency in accordance with figure 5 reduces the
range of thrust avallable at a glven Mp. The airframe drag might
possibly require a thrust wvalue below the thrust obtainable at
point B (fig. 2). Steady-stete operation along the line BC would
therefore be unattainable and & control permitting operation at the
minimum fuel-air ratic (line BC) would be required for the attain-
ment of lower values of thrust. Such a control 1s designated the
change-over control at minimum fuel-air ratlo on the schematic
disgram of figure 8. In conjunction with the exhaust-nozzle-area
control, it permits continuous operatlon along the path ABC of
figure 2.

The change-over control is so energized fram the minlmum fuel-
alr-ratio control that, when minlmum fuel-slr ratlio is attalned, the
main control lever becomes directly linked with t he exhaust-nozzle
area. The veriation in exhaust-nozzle area is here assumed to permit
attainment of the lowest values of desired thrust.

R —



14 ANRSSENRSAL NACA RM No. EBH24

CONCLUSIONS

From an analysis based on calculated performance charts, require-
ments and parasmeters for control of a ram jJet with a varlable-area
exhaust nozzle may be summarized as follows:

l. For maximum efficlency the exhanat-nozzle area should be
regulated to attaln operation at maximum diffuser pressure recovery
during supersonlc flight. Maximum efficiency may be attained by
regulation of exhsust-nozzle area in accordance with a predetermined
schedule of combustion-chamber-inlet Mach number with flight Mach
number.

2. Regulation of combustion-chamber-inlet Mach number for maxi-~
mum efficlency would simultaneously result in stable shock locatlon.

3. Steady-state drag characterlstics may require 8 thrust at a
glven Mach number that 1s less then the thrust attainable at maximum
efficlency. For maximum range of thrust at a given flight Mach
number, down to values of thrust below those at which maximum pres-
sure recovery cen be attained, the engine should be permitted to
operate along a line of minimum ellowable fuel-alr ratio, despite
the fact that this would incur a loss of efficlency. Operaticn along
a line of minimum fuel-alr ratioc may be accomplished by means of a
direct linkege between throttle and exhaust-nozzle area such that,
when minimum fuel-alr ratlo is reached, the throttle will comtrol
the area.

4. For control of fuel flow in order to attaln a desired flight
Mach number, two possibllities exist: The fuel may be directly
controlled by manual operation of a valve in the fuel line at the
expense of a sacriflice in the range of possible flight Mach nuwbers,
or the fuel flow may be indirectly controlled from a flight Mach
number setting that would call for chaenges in fuel flow according to
the difference between measured and desired flight Mach number.

5. Combustion tempereture, engine-temperature retio, end fuel-
air ratlo are unsatisfactory as fuel-flow-control parameters in
comparison with direct fuel-flow control.

Lewis Flight Propulslon Laboratory
National Advisory Committee for Aeronautics,
Cleveland, Onio.
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APPENDIX A
SYMBOLS
The following symbols are used in this report:
A area, sq ft
Aoy area corresponding to Mach number of 1, sq Ft

C constant
f(?’),
functioms
£1(y) cti of 7

Fn net thruset, 1b
accelerstion due to gravity, ft/sec?®
M Mach number

total pressure, lb/ag £t

H

P static pressure, 1b/eq ft
R universal gss comnstent, £t-1b/(1db)(°R)
T total temperature, °rR

t static temperature, °R

v gas veloclty, ft/sec

w welght rate of flow, 1lb/sec

W, welght rate of air flow, lb/sec

We welght rate of fuel flow, lb/sec

v ratio of speciflic heat at constent pressure to specific hesat
at constant volume

8 ratio of altitude pressure to sea-level pressure

ul cambustion efficlency

SCIENTIY
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e ratlo of altitude temperature to sea-level temperature
o] density, 1b/cu Tt

T temperature ratio across ram Jet, T,/T,

Subscripts:

0 - 4 stations on ram Jet (fig. 1)
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APFENDIX B
PERFORMANCE CALCULATIONS
The following equation, which 1s the besls for calculation of
engine varlables, €XpPresses the general relation between gas flow,

total temperature, area, total pressure, Mach number, and ratio of
specific heats at any two stations, designated stations A and B:

Wy (T (AA)
Wy \Ts  \4p

Thils eguation 1s derived as

()
(PA) AJy £(9)p

E (:AE) f(?’)B
A /B

W = AVp

and, because p = 'Igt-’

and, because

and
2=1
Y -
t P 2
thereforé
MKy
w=AE aE - patl (B1)
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The effects of ¥ are separated from the Mach number by
rearranging equation (Bl)

[ ] 1 [ 1.441
| Lie (L)Zb 1) = (’iia+i-15
W= A P Ntz \™2 )
T.4+1 T +1
)a o (1 _,__lnz)'i%y—-rr (Zﬂ)ﬁ%m
b - L 2 i iy 2

(B2)

Let the first bracketed term, which 1s constant, be C. The second
bracketed term can be shown to be almost independent of ¥ and
thue 18 £(M). The third bracketed term is a function of 7 and
is labeled f(y) and plotted In figure 10. Equation (B2) thus
becomes

W= CA 2= 2£(M) £(7) (B3)

Nt

The term f(M) may be expressed in terms of area according to
the following concept: Aassume a venturi, placed at the section
being coneidered, the throat area (Acr) of which is such that the Mach
number ia sonic. At this area f(M) = 1 and equation (B3) becomes

P
W = CAgp ~—= £(7) (B4)
cr N-E
From equations (B3) and (B4) the following equation is obtained:

A
00 - 25

as plotted in figure 11, and equation (B3) becomes

-k % £(7) (35)

From equation (B5), for any two stations (A and B) in the ram Jet,
equation (B6) is obtalned:
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()
e T_Ag(ﬁéXP_A\) e o (B6)
¥ | T - \%z/\Ps (A_cr_) (g

L /8

When equetion (BS) is used for the free-stream and burner-inlet
stations, Wo = Wp, Tg = Tp, and £(7)g 2 £(7)3 = 1. The following

equation 1s then obtalned:

Acr)
A P
20, 2 (-f?-) (B7)
Az [Aor o
A Jo
Thus for subsonic Mg, the free-siream area is determined from the

assumed Pz/Po and Mp. For supersonlc Mg, the free-stream ares
wes assumed to be Pixed at A, and equation (B7) becomes

(3
Aor\ _ ‘ic.l;) \A2/
(T)z (A 0(.12) =)
Po
and M, is determined by the assumed PZ/PO'

When equation (B6) 1s used for the free-stream and exhaust-
nozzle stations, W4/N‘0 = 1 + wf/‘wa, T4/T0 = T, and@ £(y)go = 1.

Thus,
() w2,

-3
Po A 4

. % (89)

1

In the derivatlon of the air-flow equatlon, the following
expresslon was obtalned:

W = AM M?—ﬁ.—%.:\]%

PR,
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Wien this equation is rearranged for the free-stream station,

¥o N 69 _ A_g)Mo 144 x 14.7,/708
A5 Az 520 R

For subsonic Mg, corrected air flow is determined by the free-
stream arem, and for supersonic Mg, where Ag/Ap = A;/A, = 0.228,
the corrected alr flow is fixed at any Mg.

(B10)

A convenlent expression f Or momentum is derived as follows:

% = A—vz—e = Ay ;E—z% = yApMZ (B11)
The net thrust from the ram Jjet can be expressed as
n = wg4 + (pg-po) A4 - Wof:o
Using equation (Bll) then gives
Fo = 74Ae0aMs% + (24-D0) Ay - 70RoPoMo’ (B12)

For subsonic flow in the exhaust nozzle (where P,=pg) equation (B12)
becomes

Fn = 74A0Me® - 70AoPQMo’

Rearrengement gives
Fn Ay 2 Ao 2 ;
A—a-a—o- = 64 rz- Mg® - 79 -A—a- Mg~ /] 144 X 14.7 (B13)

For sonlc flow in the exhaust nozzle where My=l, equation (B12) can
be rearranged:

(74+1) - 11 - 7 %Moz

Fn _ AgPg
Agpg Az |Pg

1018
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Fn A4 P4 74+ -y MO

or

Because
74
Py (74+1)74"1
_Fn BA—4.<P_4 74+l -1>-7 .A_O.MOZ
Aopo ~ Az | Po T4 02
74-1
74+1)
- ( ) B
Ir
74+l
=f!
7a (7)
74‘1
2
then

F A, |2 A
n 4 | -4 0. 2
TE = 144 X 4. T—|— L' - 1| -3144 x 14.7 79 +— Mp

(B14)
The function £'(y) is plotted in figure 12.

The methods used In thls report for calculating englne operating
conditione are deacribed. TFor subsonic flight speeds, conditions of
constent M, and Wp/W, were taken and the required A4 and the

resultant thrust were determined. At any Mg and My, the free-

stream area was determined from equation (B7) where a PZ/PO of 0.95
was assumed. From We/W, and Tp, the values of T and Tz were
obtalned from figure 13, which isbased on combustion for octene fuel

SRR,
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and includes dissoclation effects. The value of 74 Wwes obtained
from figure 14 and of f(y,) from figure 10. From Mp NT, the

combustlion-chamber pressure loss was obtained from figure 15, which
was obtained from ram-jet date (reference 1) replotted to glve the
general curve shown. The pressure ratlio in the exhaust nozzle was
obtained fram the equation

From Pu/py, the values of M, and (Acr/A)4 were obtained from
figure 16 and 11, where figure 16 is a plot of the equation

P 1l
4 - 7"
—=(].+-L1M2)
Py z

The exhaust-nozzle area was obtained from equation (B9); the air
flow from equation (B10); and the net thrust from equation (B13).
Fuel flow was found from the air flow and fuel-alr ratlo.

For supersonlc flight speeds, the free-stream area was assumed
to be the inlet aree of the diffuser (shock swallowed). Conditions
of constant Pp/Py and Wy/W, were assumed, and the required A4

and resultant F, were determined. At any My and Py/P;, My was

found #from egquation (BS). From Wf/Wa and T,, the values of T

and T4 were obtained from figure 13, 74 from flgure 14, and

£(y,), from fiiure ;O.Pf‘r::m Mz NT, P4/Pp was found from fig-

ure 15, From -i -2 -'9-, 1t was determined whether the exhaust
Po P2 Pg Po

nozzle had sonic or subsonic flow.

For sonlc flow in the exhaust nozzle, 4, was found from equa-
tion (B9) where (Agn/A)y = 1, and F, from equation (Bl4), where
£'(y) is found from figure 12. For subsonlc flow in the exhaust
nozzle, My and (Agn/A)y were obtained fram figures 16 and 11;
A4 was obtalned from equation (B9); and F, from equation (B13}.

The air flow was found from equation (B10), and the fuel flow
from the alr flow and fuel-air ratlo.
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Diffuser pressure recovery, P,/P,

Combustion-chamber~inlet Mach number, M,
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Flight Mach number, Mg

Figure 4. — Typical curve of maximum diffuser pressure recovery.

.16
N
42 \\
\\
SN
.08
\
.04
0

.6 1.0 1.4 1.8 2.2 2.6 3.0
Flight Mach number, Mg

Figure 5. = Control relation for variation of combustion-chamber-inlet Mach
number with flight Mach number for ram jet with variable-area exhaust

nozzle.
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Figure 15. - Relation between combustion—chamber pressure loss and
combustion-chamber—inlet Mach number parameter for ram jet.
{Combustion—chamber loss includes exhaust-nozzle losses.} Data

cross—plotted from reference 1.
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